Introduction
The skeleton is often thought of as a static organ system whose main function is support for locomotion and protection of internal organs. Yet, the skeleton is made up of, arguably, some of the most dynamic tissue in the body. In fact, more than 100 years ago, German surgeon Julius Wolff recognized the dynamic nature of healthy and unhealthy bone and developed a theory, known today as Wolff's law, positing that changes in the physical requirements for bone to support the human body are manifested as changes in the internal architecture and external form of the bone [1, 2] . A century later, much research has supported the outcome of Wolff's law, demonstrating that bone tissue is capable of adapting to altered mechanical environments to either improve bone quality when greater support is required or diminish bone structure when that support is no longer necessary. To the former point, a seminal study in 1977 compared cortical thickness in the arms of professional tennis players and found an approximate 30% difference between the serving and non-serving arms, with repetitive serving conferring an advantage [3] . Multiple studies since have reported impressive positive gains in bone mass and quality in response to exercise [3, 4] . At the other end of the spectrum, the loss of bone and ensuing diminishment of bone quality has been reported in situations of unloading such as paralysis, spinal cord injury [5] , bed rest [6] and microgravity [7, 8] . Further, the adaptation of bone does not just occur in extraordinary mechanical environments; bone turnover is constant throughout life. Unfortunately with age, it is thought the ability of bone to adapt to its mechanical environment diminishes and that this loss of dynamic function underlies several skeletal pathologies of great clinical concern, including osteoporosis and related fractures [9] . It is estimated that osteoporosis will affect 10% of females worldwide that reach age 60 and 40% of those that reach age 80. The disease also affects men, though to a lesser extent [10] . Thus, with an ageing population worldwide, there is considerable motivation, in both clinical and basic science, to elucidate mechanisms guiding this adaptive process. A better understanding of the skeleton's ability to adapt to physiologic mechanical loads has potential to reveal new strategies for mitigating the more extreme demands placed on bones in pathologic conditions and to inform novel, innovative and more precise treatments for patients with bone disease.
Mechanoadaptation: a multiscale process
While experimentation has convincingly demonstrated the general relationship between mechanical stimulation and bone adaptation, the underlying mechanisms of mechanoadaptation continue to challenge researchers. At the crux of this challenge lies the fact that mechanoadaptation involves many steps traversing varying length and time scales. That is, forces applied to the bone are transmitted from the tissue level down to cells within the bone, and then different cells release factors, initiate cascades and modify bone accordingly, resulting in changes that scale back up to the tissue level over time. A complete understanding of mechanoadaptation must therefore consider mechanisms underlying these processes at specific spatial (subcellular to tissue) and temporal (milliseconds to months) scales, as well as explore mechanisms that integrate these scales (figure 1).
At the cellular level, there are three major types of bone cells. Osteoblasts are derived from the mesenchymal lineage and are responsible for bone matrix deposition. Osteoclasts are large, multi-nucleated cells of haematopoietic origin that resorb bone. The coupled activity of osteoblasts and osteoclasts-with bone formation following resorption-is called remodelling, whereas modelling refers to formation or resorption on independent surfaces. Imbalanced activities of osteoblasts and osteoclasts can result in either excess bone formation or resorption, both typically pathologic outcomes. These two cell types make up less than 10% of the bone cell population at a given moment and, with lifetimes estimated in only weeks, represent a rather transient population. The majority of bone cells are osteocytes: mature cells embedded within the bone matrix. Osteocytes make up more than 90% of the bone cell population and can live for years [11] .
In order for mechanoadaptation to initiate, certain cells must be sensitive to a changing mechanical environment. Osteocytes are considered ideal mechanosensors due to their abundance and intricate arrangement within the bone tissue [12] [13] [14] [15] [16] . They are stellate cells characterized by numerous cellular processes-or dendrites-emanating from the cell body and connecting osteocytes both with one another and with cells on the bone surface [17] . Osteocyte cell bodies reside in lacunae, and the dendrites extend through channels within the bone tissue called canaliculi. The extensive network created by these structures is called the lacunocanalicular system (LCS).
This intricate cellular arrangement is likely to be a critical feature for bridging the cellular-and tissue-level responses to mechanical forces in bone. Mechanotransduction refers to the conversion of a physical stimulus, such as applied load, to a biochemical response [18] . In bone, mechanotransduction covers an expansive time scale. Mechanotransduction includes immediate and gradual biochemical responses of osteocytes, such as the quick release of second messengers (in seconds) or early changes in gene expression (minutes), which sometimes translate to later protein expression changes (hours). Over time, these biochemical responses act on osteoblasts, osteoclasts and other supporting cell types to modulate the tissue composition and architecture, resulting in adaptation of the whole bone (in days). In health, these processes are coordinated to maintain tissue homeostasis. In disease, disruptions at one of these scales may lead to the overall pathologies that present at the tissue level. Thus, there has been considerable motivation to reveal mechanisms of mechano-sensation and -transduction in order to more effectively understand bone adaptation in health and disease.
Traditional approaches to the study of mechanoadaptation
The motivation to uncover these mechanisms has generated an emphasis in the last few decades on osteocyte mechanobiology, Figure 1 . Mechanoadaptation (light grey oval) is a feedback process with underlying mechanisms spanning large spatial and temporal scales. Briefly, forces applied to the whole bone are transmitted from the tissue level down to cells within the bone, and then different cells release factors, initiate cascades and modify bone accordingly, resulting in changes that scale back up to the tissue level over time. Traditional experimental approaches (dark grey circles) typically focus at narrow scales. In vivo studies produce outputs at later time points and are often interfaced with mCT and coupled with histology. The top right image shows a sample mCT rendering of proximal mouse femur and the bottom right image shows a longitudinal section of mouse femur with osteocytes embedded in cortical bone (right) and osteoclasts in marrow (left). In vitro experiments typically focus on early responses of cell populations. The centre image on the left shows calcium responses of osteocytes cultured in micropatterned networks. Multiscale experimental systems (red dotted rectangles) are necessary to bridge traditional systems and cover more comprehensive time and length scales. Three such systems-ex vivo, explant and quasi-three-dimensional-are highlighted in this review. particularly what stimuli osteocytes are experiencing and what biochemical responses they are generating. The function of osteocytes was enigmatic for a long time, largely due to their inaccessibility. However, with the introduction of an osteocyte-like cell line [19] and new technologies to probe their functions in vitro and in vivo [20] , the role of osteocytes in bone adaptation has received considerable attention over the last few decades. Numerous studies both in vitro and in vivo have now demonstrated the importance of osteocytes in the orchestration of bone turnover in response to changing mechanical demands [15, 16] . Following is a brief outline of some key findings of traditional in vitro and in vivo approaches. The interested reader is encouraged to consult more exhaustive reviews of osteocytes and mechanoadaptation for thorough discussion of key developments in the field [12, 13, 15, 16, [20] [21] [22] [23] [24] .
Mechanosensation
Physiologic loads from activities such as running and jogging can generate strains on the bone surface in the range of 2000-3000 microstrain (0.2-0.3%) [25] . However, when similar strains were used to stimulate bone cells in vitro, they were not sufficient to engender a biological response, suggesting that cells embedded within the bone experience a different mechanical stimulus than strain on the whole bone surface. Using poroelastic models to relate whole bone strains to cell-level mechanical signals, it was proposed as early as the 1970s that small shear stresses acting on osteocytes within the LCS are induced by the flow of interstitial fluid driven by matrix deformation [26] [27] [28] . In the 1990s, a seminal theoretical paper predicted that the relatively small deformations to the whole bone tissue could translate to fluid shear stresses similar to those in vascular tissues [26] (reviewed in [29] ). Since then, numerous studies have demonstrated that osteocytes cultured in vitro are sensitive to similar levels of shear stress as predicted by modelling.
Mechanotransduction
Multiple in vitro systems have since been developed to apply dynamic shear stress profiles to monolayer cultures of cells with varying magnitudes and frequencies. Gene and protein expression changes are common endpoints, and early biochemical responses can also be observed using biochemical assays at appropriate time points. Indeed, a major advantage of in vitro studies is the ability to control precisely defined inputs and outputs at these early time scales (seconds, minutes or hours).
In addition, by coupling these systems with fluorescence microscopy, real-time cellular responses to mechanical forces can also be studied in vitro. One of the earliest responses (in seconds) of bone cells to fluid shear is a rise in cytosolic calcium (Ca 2þ ), which was first demonstrated in osteoblasts [30] . Due to the aforementioned challenges to studying osteocytes, the characterization of osteocyte Ca 2þ responses to mechanical loading came nearly a decade later, with the first studies applying different mechanical stimuli from fluid flow. Osteocyte stimulation by microneedle displacement was shown to induce a Ca 2þ response that could be propagated to neighbouring cells [31 -33] , and osteocytes were more sensitive when stimulated along a dendritic process rather than at the cell body [34] , a result also confirmed using localized hydrodynamic forces [35] . A unique pattern in Ca 2þ signalling was discovered by our group when osteocytes cultured in micropatterned networks were exposed to fluid shear. Distinct from the calcium responses of osteoblast precursors [36, 37] , robust, un-attenuated Ca 2þ oscillations were observed in the osteocyte cell line MLO-Y4 exposed to steady flow [36, 38] . Taken together, these studies implicate Ca 2þ as an important biochemical signal in response to mechanical load. In addition to an immediate Ca 2þ response, in vitro studies subjecting osteocytes to fluid shear have shown that loading can enhance the release of prostaglandin E 2 (PGE 2 ) [39, 40] , nitric oxide [41, 42] , osteopontin [43] , Wnts [44] and modulate the ratio of receptor activator of nuclear factor kappa-B ligand (RANKL) and its decoy receptor osteoprotegerin (OPG) [45, 46] over the course of hours and days. The RANKL/ OPG ratio is of particular interest because it modulates the differentiation of osteoclasts. While in vitro experiments have certainly demonstrated that osteocytes possess necessary qualities to act as mechanosensors and mechanotransducers, there are limitations to these experiments. First, in vitro studies are typically limited to short time points, capturing only early biochemical changes (seconds to hours). Next, it can be difficult to determine whether these biochemical responses would be translated to an adaptive response. Furthermore, these studies are limited to osteocytes in the absence of interactions with other bone cells. In order to determine whether cells produce functional proteins that would ultimately change the activity of effector cells downstream, in vitro studies rely mainly on conditioned medium experiments, though some co-culture systems exist that can better approximate cellular communication in native tissue. A few studies have demonstrated that conditioned medium from osteocytes exposed to fluid flow decreases osteoclastogenesis [45, 46] , inhibits osteoclast resorptive activity [47] and promotes osteoblast differentiation [48] . However, conditioned media studies fail to capture any coordination of tissue adaptation at particular sites. Lastly, native geometry and connectivity of osteocytes, both between one another and other bone cells, is not often achieved, which can obscure some of the emergent properties of mechano-sensation and -transduction that would arise at the tissue scale or at longer time points. Therefore, a gap still remains regarding how biochemical signals produced by osteocytes in response to mechanical loading regulate bone turnover, and studies coupling early osteocyte responses to mechanical loading with the resultant bone formation or resorption responses could immensely inform our understanding of bone adaptation.
Tissue-level adaptation
Unlike in vitro studies, in vivo studies keep cellular sources and interactions intact, which is important for the translation of mechanical interventions to tissue responses. Though other animal models exist, the predominant animal model in the study of bone adaptation continues to be the mouse, due in large part to its robust breeding, relatively short time to skeletal maturity, and amenability to genetic manipulation [49] . For loading, murine ulnar and tibial models are used to induce bone gain, and strain values for whole bones in each of these have been characterized with strain gauges and finite-element (FE) modelling [50, 51] . For unloading, tail suspension [52] , limb immobilization and botox-induced muscle paralysis have all been shown to induce bone loss rsfs.royalsocietypublishing.org Interface Focus 6: 20150071 (reviewed in [53] ). With all of these models, studies are often interfaced with high-resolution imaging such as micro-computed tomography (mCT) in order to monitor and quantify whole bone and microarchitectural changes, or coupled with histology to relate tissue-level protein expression and dynamic histomorphometric parameters to mechanical interventions. In vivo mCT imaging of animal skeletons also allows assessments of dynamic bone formation and resorption, and mCT-based FE analyses allow precise correlations between local mechanical stimuli and bone remodelling dynamics [54 -56] . In vivo studies are also starting to integrate better with cell studies as transgenic technologies advance to include more cell-specific promotors and lineage tracing [57, 58] . Additionally, more precise time points can be explored using inducible expression of these transgenes [59] .
In vivo systems have tremendously advanced the understanding of some underlying mechanisms of mechanoadaptation. First, in transgenic mice with ablated osteocytes, mice were resistant to unloading-induced bone loss [60] . Next, recent studies using osteocyte-specific inducible knockouts of RANKL suggested that osteocytes are the primary source of RANKL for modulating osteoclast activity [61, 62] . Furthermore, whole bone mechanical loading models indicate that osteocytes can also control osteoblast activity through the Wnt/b-catenin inhibitor sclerostin, which suppresses the activity of osteoblasts. Studies of both ulnar and tibial loading in mice have been shown to decrease levels of the sclerostin protein expression, whereas unloading has been shown to increase levels of sclerostin [63] . These changes are highly correlated with sites of anabolic bone formation in the loading models [63] [64] [65] [66] . Taken all together, these studies highlight the essential role of osteocytes in both immediate mechanosensation and the coordination of later adaptive responses.
As exciting as these findings have been in the field, in vivo models are not without limitations. Animal models are inherently complicated by compensatory mechanisms, off-target effects and the inability to selectively interrupt pathways in cells that share lineages. This last point is especially pertinent as osteocytes are derived from osteoblasts. As of now, most osteocyte-specific knockouts use Cre recombinase driven by dentin matrix protein-1 (DMP-1), which also affect latestage osteoblasts and some chondrocytes [67] . These latter cells are known to produce some of the same proteins implicated in mechanotransduction as osteocytes, such as RANKL and PGE 2 . The inability to truly separate osteocyte function from late-stage osteoblast function is then a major challenge to drawing inferences from in vivo studies.
Multiscale experimentation
One multiscale approach to the study of bone adaptation is to use more traditional techniques and emerging technologies to expand the time and spatial information that can be gathered. Trü ssel et al. [68] recently outlined a mechanical systems biology approach in the study of bone adaptation. Briefly, the authors demonstrate that mCT scans taken at regular intervals of a loading treatment can be registered using advanced imaging software in order to identify local regions of bone adaptation. When combined with traditional histology, histomorphometric techniques and FE modelling, local biochemical changes can then be correlated to local tissue-level strains and sites of adaptation. In addition, new techniques of microdissection are enabling single cells to be extracted from histology samples and gene information to be recovered. Thus, by combining the more traditional single-scale techniques with new technology, which enables the extraction of data from both multiple time points and multiple length scales in the same sample, a multiscale picture of local adaptation to mechanical stimuli can be captured.
Another, and possibly complimentary approach, is to develop multiscale experimental systems that study mechanoadaptation at spatial and temporal scales not covered by in vitro or in vivo systems, serving to enhance our knowledge of this overall process while simultaneously bridging the information generated by traditional approaches (figure 1). To date, many of these approaches in studying bone are founded on computational models, freed from the inherent challenges found in experimentation with living systems (reviewed in [69] ). Yet, a full understanding and validation of the mechanisms underlying mechanical adaptation will require the integration of experimentation which can explore among a variety of dimensions, simultaneously.
Currently, only a few experimental systems exist which attempt to connect traditional scales. For example, the introduction of three-dimensional cell cultures has added some complexity to in vitro studies and has proved immensely valuable in unveiling cell behaviours that are intricately tied to the native morphology and parameters of the microenvironment [70] [71] [72] [73] [74] . The opposite approach-stripping down native tissues to fewer, more controllable features-has also provided unique platforms for connecting these scales. By nature of their source, major advantages of these ex vivo or explanted tissues are that they maintain native tissue architecture, cellular composition and cell-cell arrangement. Indeed, the cellular network formed by osteocytes in the LCS integrates information from whole bone deformation at different locations in the organ, communicates biochemical responses to bone surfaces where effector cell populations reside and coordinates the sites of bone formation and resorption responses to adapt the bone structure. Recapitulating this network should therefore offer insights into the role of osteocyte spatial arrangement in mechanoadaptation. Furthermore, explants can also be used to experiment at vastly different time scales, adding another level of interpretation to experimental studies that may be more difficult to achieve with traditional approaches. Finally, experimental systems can be designed to push the boundaries of this multiscale process, interfacing with other disciplines, such as biophysics, to explore some of the earliest events in mechanosensation at the single-cell level.
For the purpose of illustrating the role of multiscale experimentation in the study of bone adaptation, the remaining sections of this paper highlight three systems employed by our group capable of simultaneously observing behaviours at multiple length scales spanning very early to extended time frames. The experimental systems presented herein each address an important aspect of mechanoadaptation not covered by traditional approaches (figure 1, red dotted boxes). The ex vivo system explores early mechano-sensation and -transduction in osteocytes in the cortex of an intact whole bone, which enables the real-time response (seconds to minutes) of osteocytes to whole bone mechanical loading to be assessed, while the osteocytes are maintained in their native network arrangement. This ex vivo system has been used to verify mechanisms underlying mechanosensation in bone and to validate in vitro studies exploring Ca 2þ signalling
This system spans a large spatial scale, enabling links to be drawn first between genetic changes and celllevel responses and then between cell-level responses and architectural changes at the tissue level. In addition, the explant system can be kept viable in culture for up to four weeks, allowing for data to be collected at both short-and long-term time points within the same experimental sample. Lastly, we discuss experimentation at the single-cell level to explore subcellular mechano-sensation and -transduction (in seconds). This technique creates a potential link between cellular and subcellular responses that inform osteocyte function as well as instantaneous and short-term cellular responses to stimuli.
Mechanosensation and early mechanotransduction in osteocytes ex vivo
As previously mentioned, models dating back to the 1970s predicted that mechanical loads sensed by osteocytes were the result of fluid shear stresses induced by interstitial fluid flow within the LCS. However, no experimental systems existed to validate this prediction until the introduction of an ex vivo whole bone mechanical loading system [75] . In this system, intact tibiae harvested from mice after injection of a sodium fluorescein tracer compound were placed in a mechanical loading apparatus mounted on a confocal microscope. Cyclic compressive loads were applied to the whole bone to mimic physiological loading, and diffusive transport was measured by fluorescence resonance after photobleaching imaging of osteocyte lacunae embedded within the bone. Fluorescence recovery was faster in lacunae from loaded samples, indicating load-induced convection, and coupling these results to a fluid transport model of canalicular flow demonstrated an enhanced fluid flow in response to whole bone deformation. While traditional in vitro studies allow for the short-term response of loading to be assessed and in vivo studies typically require the evaluation of set time points after a loading event, this ex vivo system has also created opportunities to explore the immediate response of osteocytes within the actual native environment while the whole bone is loaded. In other words, this system is unique in that it directly couples real-time early responses (milliseconds to minutes) to much higher length scales than are typically studied, pushing the boundaries of traditional mechanotransduction experiments. In particular, early events typically explored only in vitro in cells plated in two dimensions are now probed at the cellular network level and coupled to tissue-level stimulation.
One way that this system has been used, in fact, has been in validating that immediate phenomena observed through in vitro studies on osteocytes can also be observed in an actual living bone. Though in vitro studies subjecting osteocytes to fluid shear strongly support a role for Ca 2þ signalling to encode information important for mechanotransduction in osteocytes, limited systems were available to show that Ca 2þ signals in osteocytes embedded within the bone could be induced by load. In explanted fragments of chicken embryonic calvariae, bone cells were demonstrated to exhibit autonomous Ca 2þ responses [76] , and embedded osteocytes were found to respond with elevated Ca 2þ to bone matrix deformation [77] and shear stress applied over the explant surfaces [78] . We recently modified the ex vivo system described earlier to observe Ca 2þ responses in live osteocytes in a mouse long bone subjected to dynamic, deformational loading (figure 2a). Osteocytes exhibited robust oscillations in Ca 2þ in response to load in a load-dependent manner (figure 2b) [79] . This pattern was more pronounced than the autonomous Ca 2þ responses of osteocytes, which were undetectable, as well as the loadinginduced and autonomous responses of cells on the bone surface (figure 2b) [76, 79] . A representative confocal image and corresponding osteocyte Ca 2þ time courses are shown in figure 2c .
Furthermore, in a previous study, we had explored signal propagation between osteocytes and the dependence of that propagation on distance between cells, which enables us to not only look at the level of the individual cell, but also the importance of parameters like cell density and spacing at the near-tissue level [37] , which could be incorporated into this ex vivo model. This work is also amenable to extending to more complex in vivo models which capitalize on the genetic manipulability of the mouse. For instance, future studies could use strain gauges to match strains engendered on the surface of tibia from mice with genetic modifications targeting specific pathways considered important in osteocyte mechanotransduction, such as sclerostin knockout mice (figure 2d). Additionally, the generation of FE models from mCT images of these mice could be used to more thoroughly explore or extrapolate these findings to regions within the bone experiencing different strain levels (figure 2e). Finally, this model could be used to study the effects of long-term processes like aging on real-time mechanosensation. Taken together, these ex vivo systems have provided novel platforms for studying early biochemical responses in bones under mechanical loading. Furthermore, they have validated mechanosensation in living bone by connecting theoretical models to the abundant in vitro experiments showing cellular responses to flow, allowing these studies to progress and add valuable information regarding the underlying cellular mechanisms of mechanotransduction. Finally, current and emerging imaging and modelling techniques can be coupled with these systems to relate immediate cellular responses within the intact bone to the tissue responses measured at the whole bone level.
Of course, there are inherent limitations to the ex vivo system. Primarily, the specimen cannot be kept alive indefinitely, limiting the time scale for observation to hours, far short of the time needed to capture tissue-level adaptation. Furthermore, the effect of other organ systems known to influence bone, such as muscle and the nervous system, are absent from these studies. However, isolating the whole bone for observation during these initial time points allows this system to traverse a larger spatial scale in early osteocyte mechanotransduction.
A three-dimensional trabecular bone explant model of bone adaptation
The previous studies highlight the ability of explant systems to probe fundamental questions in mechanotransduction at early time scales, but they can also be used for the opposite.
Mechanical adaptation results in tissue-level changes over a much longer time scale (weeks). During physiologic bone remodelling, for instance, bone formation is coupled to sites rsfs.royalsocietypublishing.org Interface Focus 6: 20150071 of bone resorption, where osteoclasts may degrade the bone for days before apposition by osteoblasts begins. It is thought that osteocytes coordinate this process by signalling to these cells, but the exact mechanisms remain unknown. Therefore, there exists a need for studies coupling early osteocyte responses to mechanical loading (days) to later tissue-level changes (weeks). Few bone explant cultures have been established to investigate the adaptive response of bone tissue to mechanical cues, largely due to the requirement to sustain viability of the explanted tissue in culture over long enough periods. The introduction of the ZetOS bioreactor overcame these limitations by providing a system to simultaneously perfuse nutrients through trabecular bone explants and apply dynamic loading [80, 81] . Bovine bone cores complete with surface cells and bone marrow were sustained for three weeks in culture, with osteocyte viability remaining above 60% and osteoblast/osteoclast populations responding to mechanical and chemical stimuli [82] . The application of simulated jumping strains resulted in increased bone formation parameters in some samples, and most importantly, architectural changes in the trabecular bone tissue [82] . Furthermore, application of load resulted in changes in the apparent stiffness of the bone samples [83] . Similar results were reported in a rabbit trabecular bone explant model cultured in a perfusion/loading system, where mechanical loading resulted in new bone deposition demonstrated by osteoid formation and the presence of double fluorochrome labelled surfaces [84] . Comparable systems have been developed to sustain viability in whole bone organ cultures [85] . These improvements in culture conditions lay a strong foundation for using trabecular bone explants to study the mechanisms underlying mechanical adaptation.
A major advantage of transferring tissues to culture environments is the ability to adapt the tissue to remove confounding variables and isolate critical interactions. We developed a trabecular bone explant model of osteocyteosteoblast interactions to evaluate histological and mechanical property changes in response to loading that had been built on previous explants used for short-term loading experiments [86 -90] . In this system, bovine trabecular bone cores were thoroughly cleaned to remove bone marrow, disrupted nerves and vasculature, as experimental studies have demonstrated an influence of these systems in bone. The explants were also treated to remove any surface cells, which have been shown to populate the bone surface after a few days in culture in an uncontrolled manner. A controlled number of primary osteoblasts could then be seeded back onto the surface. The resulting explant provides a system in which osteocytes in their native environment can send signals to osteoblasts, and bone deposition and changes in mechanical properties can be measured in response to load.
In our first study, hydrostatic pressure loading enhanced osteoid production in these explants, but the effect was figure 3a,b) . Low-level perfusion was used to maintain osteocyte viability without inducing a cellular response to fluid flow, so that changes in mechanical load were only a result of applied dynamic deformation. In this system, osteocyte viability was maintained for up to four weeks, even with abundant osteoblast population of the bone surface, as evidenced by confocal images showing live osteocytes within the bone ( figure 3c) and histological assessment (figure 3d) . Mechanical loading resulted in early biochemical responses, such as the release of PGE 2 which remained elevated from within hours to a couple days of culture (figure 3e), as well as the deposition of osteoid, and changes in apparent elastic modulus of the explant after four weeks (figure 3f ). Blocking the PGE 2 response abrogated the anabolic effects of loading (figure 3e,f ) [92] . As both osteocytes and osteoblasts are capable of releasing PGE 2 in response to mechanical stimulation, it is unclear from this study if this response was mediated primarily through osteocyte mechanosensing. A critical advantage of this explant system, however, is the ability to selectively manipulate the osteoblast population to disrupt PGE 2 signalling in osteoblasts only, a condition that cannot be created by in vivo studies, which once again highlights the critical role of explant systems for delineating mechanisms underlying bone responses to loading.
While powerful as a model system, limitations do exist. The added challenge of keeping osteocytes viable addressed above makes decoupling the long-term effects of loading versus transport difficult. Additionally, while native arrangement of the osteocytes and connection with surface cells is achieved with the explant, the bone core size and shape do not capture the whole bone response to mechanical loading as faithfully as the ex vivo model. Further, the removal of all cell types except osteocytes and the seeded cell type of interest may obscure the essential interactions of other native cells in the adaptive process. Despite these limitations, explanted trabecular bone cultures can be used to probe outcomes of mechanical loading at very different time points with a simplified cell composition in a still intricate arrangement.
Single-cell studies to probe subcellular mechanosensation in osteocytes
The previously described explanted bone tissue models cover considerable ground between the time and length scales encompassed by traditional experimental approaches. Bridging these studies will be immensely important for interpreting the results from these approaches and enhancing our understanding of bone mechanoadaptation. In the spirit of embracing a multiscale approach, one can also extend these experimental studies to additional time and length scales not typically considered in the study of adaptation, such as subcellular mechanosensation. In addition to probing downstream osteocyte responses, many in vitro studies have explored the role of subcellular organelles in contributing to these biochemical responses. For instance, both the primary cilium [93] and the endoplasmic reticulum (ER) have been demonstrated to contribute to Ca 2þ signalling in osteocytes, and mechanosensitive channels within the cell membrane have also been shown to contribute to these responses [40] . Furthermore, subcellular structures influence the transmission of mechanical forces to cells. For instance, the cell cytoskeleton and its associated molecules relay this mechanical information to locations within the cell containing mechanosensitive proteins, such as the nucleus or the ER [94] . Thus, the cytoskeleton of osteocytes likely plays a critical role in flow-induced mechanosensing [95] [96] [97] .
The actin cytoskeleton is very pronounced in osteocytes, with dense perinuclear actin networks and actin filaments extending along the entire length of osteocytes processes [98] . Actin filaments maintain cell shape, dendritic morphology and support membrane tension in osteocytes as evidenced by studies using latrunculin B to depolymerize actin [71, 98] . Indeed, the dramatic differences in cytoskeletal components between osteocytes and osteoblasts, particularly in dendrites, suggest that actin may play a critical role in osteocyte mechanosensory function [71] . Furthermore, differences in osteocyte morphology in long bones compared with those that experience relatively mild mechanical environments suggest the importance of the cell cytoskeleton and conferred cell shape in bone adaptation. Since most in vitro studies observe flat, spread cells that form actin stress fibres, capturing this native morphology in vitro is another important bridge between traditional approaches.
Our laboratory developed a technique to observe the deformation of cytoskeletal elements in rounded osteocytes under fluid flow at high temporal resolution (less than 1 s) in both bottom-and side-view [99] (figure 4a). Using this technique, we can reconstruct a quasi-three-dimensional image of the cell under fluid flow (figure 4b). Traditional bottom-view imaging of osteocytes transfected with a fluorescent protein tagged to the actin cytoskeleton showed time-dependent deformation of the cytoskeleton under loading, with moderate creep and recovery of the actin cytoskeleton in the normal strain directions (figure 4c). The addition of side-view imaging revealed more pronounced cytoskeletal deformations and the observation of a shear strain (figure 4d). In a later study, the cortical actin network in osteocytes was found to be more responsive to oscillatory flow than microtubule networks when the temporal resolution was sufficient to probe subcellular responses within a single oscillation period (figure 4e) [100] . In these studies, high temporal resolution enabled the characterization of the instantaneous mechanical behaviours of cytoskeletal elements within osteocytes, with more than 10 images collected in a single oscillatory flow waveform at physiologic frequency of 1 Hz. Future studies coupling similar experiments with additional fluorescent probes to look at signal activation at subcellular locations could enable more precise characterizations of mechanotransduction in osteocytes. For example, it is possible to observe how deformation of the cytoskeleton within milliseconds of mechanical stimulation may influence Ca 2þ signals, which typically initiate within 10-20 s after flow onset.
The temporal resolution opens up many exciting avenues of experimentation; however, there are some key limitations in this system. In order to keep the cell body more physiologically rounded, it is plated in a way that prevents the formation of dendrites. However, this could be improved by incorporating microcontact printing to form controlled osteocyte shape with dendrites [101] . As we have previously discussed, the morphology and interconnection of osteocytes is thought to play a major role in their function and response. Furthermore, the high-frequency image acquisition limits the time frame to only a couple of minutes due to inherent photobleaching effects. However, this quasi-three-dimensional system is exploring the x, y and z spatial dimensions at a 
Conclusion
It is increasingly evident that advancement in understanding complex physiologic and pathologic processes, such as mechanoadaptation, will require a multiscale approach and an integration of computational modelling and experimentation.
In addition to interfacing traditional experimental platforms with emerging computational models and advanced imaging techniques, we suggest that the addition of multiscale experimental platforms to such approaches can further strengthen the link between these various scales and allow for even deeper understanding of the complex relationship between mechanical stimulation and tissue adaptation. The three examples highlighted in this review also demonstrate key advantages of multiscale experimental systems in general. First, they form a bridge between in vitro and in vivo studies, filling in gaps left by the limitations of traditional approaches and isolating the most critical pathways conserved among experimental scales. Second, these systems explore events at the rsfs.royalsocietypublishing.org Interface Focus 6: 20150071 cellular and tissue level simultaneously, and can therefore provide invaluable experimental validation and refinement in existing computational models or can be used to test hypotheses generated from these models in order to select promising lines of experimentation. Finally, a multiscale approach is a way to uncover more fundamental mechanisms that underlie our health and guide the development of more targeted and precise modes of treatment. With approaches such as these, the field moves forward.
As a final thought, Wolff may have first hypothesized adaptation of bone to mechanical loading, but the last decades have demonstrated increasing evidence that this process underlies the homeostasis and disease of multiple tissues of the body. Cervical tissue, vasculature, pulmonary tissue and muscle tissue, to name a few, have all been shown experimentally to remodel in response to changing mechanical load. It is possible that multiscale experimental approaches in these systems may prove equally as fruitful in understanding their inherent physiology and pathologies. This could also mean that discoveries of the deeper mechanisms, which conserve across scales in one system, such as bone, also translate to other organ systems: an exciting motivation to promote multiscale experimentation.
